Abstract. The effects of tillage on soil properties (e.g. soil carbon and nitrogen), crop productivity, and global 14 greenhouse gas emissions have been discussed in the last decades. Global ecosystem models are limited in 15 simulating tillage. Hence, they do not allow for analyzing the effects of tillage and cannot evaluate, for example, 16 reduced-tillage or no-till as mitigation practices for climate change. In this paper, we describe the 17 implementation of tillage related practices in the global ecosystem model LPJmL. The model is subsequently 18 evaluated against reported differences between tillage and no-till management on several soil properties. To this 19 end, simulation results are compared with published meta-analysis on tillage effects. In general, the model is able 20 to reproduce observed tillage effects on global, as well as regional patterns of carbon and water fluxes. However, 21 modelled N-fluxes deviate from the literature and need further study. The addition of the tillage module to 22
Introduction 26
Agricultural fields are tilled for various purposes, including seedbed preparation, incorporation of residues and 27 fertilizers, water management and weed control. Tillage affects a variety of biophysical processes that affect the 28 environment, such as greenhouse gas emissions or soil carbon sequestration and can promote various forms of 29 soil degradation (e.g. wind-, water-and tillage-erosion), leaching and runoff. Reduced-tillage or no-till is being 30 promoted as a strategy to mitigate greenhouse gas (GHG) emissions in the agricultural sector (Six et al., 2004 ; 31 Smith et al., 2008) . There is an ongoing long-lasting debate about tillage and no-till effects on soil organic 32 carbon (SOC) and GHG emissions (Schlüter et al., 2018) . In general, reduced-or no-till tends to increase SOC 33 storage through a reduced decomposition and thereby reducing GHG emissions (Chen et al. 
Litter pools 98
In order to take care of residue management resulting to tillage, we have introduced an incorporated litter pool 99 ( ) and a surface litter pool ( ). Crop residues not collected from the field are transferred to 100
. A fraction of residues from is then partially or fully transferred to the incorporated litter 101 pool ( ), depending on the tillage practice; 102 
108 109 where is the amount of incorporated surface litter C and N (treated separately but accounting for actual 110 C:N ratios of the pools) in g m -2 after tillage. The parameter is the tillage efficiency, which determines the 111 fraction of residues which are incorporated by tillage (0-1). To account for the vertical displacement of litter 112 through bioturbation under natural vegetation and under no-till conditions, we assume that 0.2% of the 113 is transferred to per day (equivalent to an annual bioturbation rate of 50%). 114 4 and are subject to decomposition. The decomposition of depends on soil moisture 115 and temperature of the first soil layer, similar to as described in Schaphoff et al. (2018) . The 116 decomposition of is described below. 117
Decomposition 118
The decomposition of litter depends on the temperature and moisture of its surroundings. For the litter pools 119 within the soil column ( and ) decomposition depends on soil moisture and soil temperature of 120 the upper soil layer, whereas the decomposition of the depends on its own temperature and moisture, 121 which are approximated by the model (Eq. (5), (12)). As the litter decomposes, a fixed fraction of the C is 122 mineralized, i.e., emitted as CO 2 (70%), whereas the remaining humified C is transferred to the soil C pools 123 following the usual litter and soil decomposition rules as described by von Bloh et al. (2018) and Schaphoff et al. 124 (2018) . The mineralized N (also 70%) of the decomposed litter is added to the ammonium pool of the first soil 125 layer, where it is subjected to further transformation (von Bloh et al., 2018), whereas the humified organic N is 126 allocated to the different organic soil N pools in the same shares as the humified C. The decomposition of litter 127
(in g C m -2 day -1 ) is described by first-order kinetics (Eq. 3), following Sitch et al. (2003) ; 128 is calculated as an average of soil temperature and air temperature. depends on the water holding capacity of the litter layer ( ), the fraction of residue cover ( ) and the amount of water captured by the litter layer ( ).
Water fluxes 137

Litter infiltration 138
Precipitation and applied irrigation water in LPJmL5 is partitioned into interception, transpiration, soil 139 evaporation, soil moisture and runoff (Jägermeyr et al., 2015) . To account for the interception and evaporation of 140 water by the surface cover, the water can now also be captured by by infiltration ( ) and be 141 lost through litter evaporation. Surplus water that cannot infiltrate into the layer, i.e. more than 142 , infiltrates into the first soil layer. Litter moisture (S) is calculated in the following way: 143 
244 245 where is the saturated hydraulic conductivity in mm h -1 and is the slope of the logarithmic tension-moisture 246 curve. 247
Bulk density 248
Effects of tillage for the tillage layer (first topsoil layer of 0.2 m) are accounted for by adapting after tillage, 249 which is then used to calculate a new SAT and FC. Ks is also newly calculated using and in 250 equation (23) is the density effect on the top soil layer after tillage, and are adjusted saturation and 265 field capacity after tillage and SAT 0 is the saturation before tillage. 266
Reconsolidation of tillage effect 267
Depending on the structural composition of the soil and the amount of precipitation after the tillage event, with 268 time the tilled soil layer reconsolidates to its state before tillage, also known as soil settling. This way the 269 porosity and changes caused by tillage gradually decline, caused by a cycle of wetting and drying (Onstad et 270 al., 1984) . The reconsolidation of the soil is now accounted for using the approach by Williams et al. (2015) 271 (Eqs. 25 to 27): 272
. 
, (26) 275
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Simulation options and evaluation set-up 298
The new tillage management implementation allows for specifying tillage systems. We conducted contrasting 299 simulations with or without application of tillage. The effect of tillage on current cropland was evaluated. The 300 default setting for conventional tillage is: =0.9 and =0.95. In the tillage scenario, tillage is conducted twice 301 a year, at sowing and after harvest. Soil water properties are updated on a daily basis, enabling the tillage effect 302 to be effective from the subsequent day onwards until it wears off. Four different management settings (MS) for 303 global simulations were used: 1) tillage performed and residue are left on the field (T_R), 2) tillage performed 304 and residues are removed (T_NR), 3) no-till and residues retained on the field (NT_R), and 4) no-till and 305 residues are removed (NT_NR) ( Table 2 ). All of these 4 simulations were run from the year 1900 until 2009. 306
Land use was introduced in 1700 and with a spin-up simulation of 390 years for T_R after the spin-up simulation 307 with 5000 years with natural vegetation only. We used fertilizer data supplied by the Global Gridded Crop 308
Model Intercomparison (GGCMI phase 1; Elliott et al., 2015). Fertilizers are applied at sowing and when the 309 amount of fertilizer is larger than 5 g N m -2 , 50% is applied at sowing and 50% at a later stage in the growing 310 season (depending on the phenological stage of the crop). From 1900 onwards the four new management options 311 were introduced on current cropland. The outputs of these four different simulations were analyzed using the 312 relative differences between each output variable using T_R as the default management; 313 [ Table 2 ] 335 5 Evaluation and discussion 336
Tillage effects on hydraulic properties 337
The calculated soil hydraulic properties of tillage for each of the soil classes prior to and after tillage is 338 performed combined with 0% and 5% in the tillage layer and a mE of 0.9 ( 
Soil C stocks and fluxes 353
Model outputs for CO 2 emissions from cropland soils, as well as and litter C stocks of the topsoil (0.3 m) 354 were used to evaluate the effects of tillage and residues management on soil C stocks and fluxes. CO 2 emissions 355 and response after ten years duration of NT_R MS compared to T_R show a discrepancy, as both CO 2 356 emissions and stocks increase ( Fig. 2A and 2B ). The reported numbers refer to the median value across all 357 cropland grid cells globally. After a duration of ten years of applied MS, CO 2 emissions from NT_R compared to 358 T_R are increased by +2.3% (5 th , 95 th percentile: -9.6%, +29.0%) (Fig. 2A) , while at the same time topsoil and 359 litter C is also increased by +5.7% (5 th , 95 th percentile: +1.7%, +14%) (Fig. 2B) , i.e. the soil C stock has already 360 increased enough to sustain higher CO 2 emissions. If we only look at the first three years after the change in MS, 361 CO 2 emissions are substantially decreased by -12.2% (5 th , 95 th percentile: -18.3%, -2.8%) in a NT_R system 362 compared to T_R (Fig. 2D) . If we only analyze the tillage effect and do not take residues into account, topsoil 363 and litter C decreases by -9.9% (5 th , 95 th percentile: -27.0%, -0.6%) in a T_NR system compared to a NT_NR 364 system after ten years (Appendix - Fig. 4A (-12%) and an increase in CO 2 emissions (+18%) of a T_NR system compared to a NT_NR 374 system. T_NR was reported to decrease content, while at the same time CO 2 emissions are increased, due 375 to a higher soil temperature in a tilled soil and an increased decomposition. The updated LPJmL reproduced 376 these patterns. 377
A strong CO 2 response can be found in areas where increases the most (e.g., northern Mexico and 378 western Australia). This is also true for yields, here shown for maize yields after ten years of NT_R MS (Fig.  379 2C), which are mostly increasing in areas with strong increase (e.g., Argentina, mid-west USA, northeaster 380
China and south-western Russia). These areas all have a warm temperate dry climate according to the IPCC 381 climate zone classification (Carré et al., 2010). This positive feedback could be driven by a positive water-382 savings effect from NT_R, where water which is saved due to NT_R leads to a higher productivity. NT_R for 383 example reduces evaporation substantially compared to T_R and has other positive water-saving feedbacks, 384 which are further discussed in chapter 5.3. In areas with higher productivity, we also have a higher residues 385 input, since litter fall is a function of plant productivity (see Eq. (6)). If productivity feedbacks are disabled, 386 using the simulation from a bare soil experiment, there is no difference in CO 2 emissions between NT_R and 387 T_R (Appendix -Fig. 6 ). 388
Our simulations of NT_R and T_R show that NT_R has a positive effect on (topsoil and litter) and this 389 effect increases over time. Our model is generally reliable to reproduce increase under NT_R for a duration 390 of ten years and increasing CO 2 emissions under T_R for a duration of three years. Differences to literature 391 estimates occur after ten years under NT_R with regard to CO 2 emissions because productivity feedbacks under 392 NT_R are taken into account in our model. 393
Ogle et al. (2005) conducted a meta-analysis and reported
changes from NT_R for different climatic 394 zones. They found a +23%, +17%, + 16% and +10% mean increase in after converting from a 395 conventional tillage to a no-till system for more than 20 years for tropical moist, tropical dry, temperate moist 396 and temperate dry climates, respectively. Ogle et al. (2005) analyzed the data based on linear mixed-effect 397 models, which do not account for interactions between effects. This could explain why we were not able to 398 reproduce these high numbers in increase, since our model results range between a 5.1% to 11.9% increase 399 in after 20 years from tropical moist to temperate dry climates, respectively. LPJmL was also not able to 400 
Water fluxes 406
Water fluxes are highly affected by tillage and residue management (Fig. 1) . Residues, which are left on the soil 407 surface, create a barrier that reduces evaporation from the soil. In addition, a residue cover effectively protects 408 the soil surface from structural degradation through the impact of rain drops, thereby increasing rainfall 409 infiltration. Generally, residues, which are incorporated through tillage, loose the function to protect the soil. 410 Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-255 Manuscript under review for journal Geosci. Model Dev. Discussion started: 13 November 2018 c Author(s) 2018. CC BY 4.0 License.
Both, the reduction of soil evaporation and the increase of rainfall infiltration contribute to increased soil 411 moisture and hence plant water availability. Because we could not find suitable approaches to account for the 412 processes leading to increased rainfall infiltration, our implementation only captures the reduction of soil 413 evaporation. However, despite the significant increase in rainfall infiltration and corresponding reduction in 414 surface runoff found in a number of field studies (Ranaivoson et al., 2017) , the contribution to plant water 415 availability is likely to be much smaller as a substantial portion of it will be lost through subsurface runoff 416 (lateral runoff and seepage). In cases where the reduction of soil evaporation alone is larger than the increased 417 plant transpiration, the resulting increase in soil moisture may even lead to an overall increase in total runoff 418 (sum of all surface and subsurface runoff components) (Fig. 3A) . 419
Steiner (1989) conducted field and laboratory trials and reported functions for wheat and sorghum to estimate 420 changes in evaporation based on the residue amount. These functions were used to evaluate the evaporative 421 reduction from a layer of residues using the bare soil simulations. We find that an application of 75 g C m -2 yr Fig. 6D ). Using the functions provided by Steiner (1989) , residue 425 amounts can be translated into a reduction of evaporation by -36.3% for wheat and -16.5% for sorghum for the 426 low application rates, by -50.2% for wheat and -30.7% for sorghum for the medium application rates and by -427 64.0% for wheat and by -44.9% for sorghum for the high application rates, respectively (Table 4) 49.0%, -11.3%) compared to the T_R (Fig. 3B) . +7.5%,+69%). In the cold temperate (Appendix - Fig. 7D ) and humid zones (Appendix - Fig. 8A) (Table 4) . 452
The increase in N 2 O emissions under NT_R can be explained by two mechanisms. Firstly, under no-till with 453 residues, more water can infiltrate into the soil and less water is lost through evaporation. This can cause 454 anaerobic conditions, which trigger N 2 O emissions from denitrification. Secondly, no-till tends to increase bulk 455 density and moisture content, which results additionally in a larger water-filled pore space (Fig. 1) The deviations from the model results compared to the meta-analyses especially for specific climatic regimes 470 (i.e. tropical-and cool temperate) cannot be explained other than N 2 O emissions are sensitive to subtle changes 471 in soil moisture, forms of reactive N and timing, which renders all comparisons to patchy data difficult. 472
Additional model evaluation is needed by e.g., conducting sensitivity analysis of specific inputs (e.g., soil type-, 473 N-fertilizer) in different climate regimes for testing the model behavior. 474
475
[ Table 4 ] 476
General discussion 477
The implementation of tillage into the global ecosystem model LPJmL opens opportunities to assess the effects 478 of tillage and no-till practices on agricultural productivity and its environmental impacts, such as nutrient cycles, 479 water consumption, GHG emissions and C sequestration. The implementation involved 1) the introduction of a 480 surface litter pool, 2) dynamic accounting for in computing hydraulic properties, and 3) tillage effects on 481 physical properties. 482
In general, a global model implementation on tillage practices is difficult to evaluate, as effects are reported 483 often to be quite variable, depending on soil conditions. We find that the model results for NT_R compared to 484 T_R are in agreement with literature for C stocks and fluxes, water fluxes and to a lesser extent N 2 O emissions 485 when compared to reported impact ranges in meta-analyses. Effects can also change over time so that a 486 comparison needs to also consider the timing, history and duration of management changes. For C, e.g., we see 487 that NT_R has a positive effect on and reduces CO 2 emissions the first years after adapting to NT_R, but 488 increases CO 2 emissions in the mid-and long-term owing to a larger accumulation of . 489
Geosci Also, the sample size was sometimes low, which may result in biases if not all conditions (e.g., climate and soil 495 combinations) were tested, and it remains unclear how these can be best compared to a full sampling of the 496 global cropland as in the modeling results. Nevertheless, the meta-analyses gave the best overview of the overall 497 effects of tillage practices that have been reported for various individual experiments. 498 When applying the model, it is important to be aware that not all processes related to tillage and no-till are 499 taken into account. For instance, NT_R can improve soil structure (e.g., aggregates) due to increased faunal 500 activity (Martins et al., 2009 ), which can result in a decrease in BD. Although tillage has several advantages for 501 famers (e.g. residue incorporation and topsoil loosening), it can have several disadvantages as well. For instance, 502 tillage can result in compaction of the subsoil, which result in an increase in BD (Podder et al., 2012) . Moreover, 503 the absence of a residue layer can drive soil crusting which affects the infiltration of soil water. However, 504
Strudley et al. (2008) observed mixed effects of tillage and no-till on hydraulic properties (such as BD). 505
Nevertheless, they motivate more fruitful investigations into agricultural management practices and their 506 interacting influences on soil hydraulic properties. 507
One of the primary reasons for tillage, weed control, is not accounted for in LPJmL or most other ecosystem 508 models. As such, different tillage and residue management strategies can only be assessed with respect to their 509 biogeochemical effects, but only partly with respect to their effects on productivity and not with respect to some 510 environmental effects (e.g. pesticide use). 511
Conclusion 512
We described the implementation of tillage related practices in the global ecosystem model LPJmL 5.0-tillage. 513
The extended model was tested under different management scenarios and evaluated by comparing to reported 514 impact ranges from meta-analyses on C, water and N dynamics as well as on crop yields. 515
We were able to broadly reproduce reported tillage effects on global stocks and fluxes, as well as regional 516 patterns of these changes, with LPJmL 5.0-tillage but deviations in N-fluxes need to be further examined. Not all 517 effects of tillage, including one of its primary reasons, weed control, could be accounted for in this 518 implementation. Nonetheless, the implementation of more detailed tillage-related mechanics into LPJmL 519 improves our ability to represent different agricultural systems and to understand management options for 520 climate change adaptation, agricultural mitigation of GHG emissions and sustainable intensification. 521
522
Code and data availability. The source code and data is available upon request from the main author for the 523 review process and for selected collaborative projects. The source code will be generally available after final 524 publication of this paper and a DOI for access will be provided. 
